Patients with mild traumatic brain injury (mTBI) with associated intracranial injury, or complicated mTBI, are at risk of deterioration. Clinical management differs within and between institutions. We conducted an exploratory analysis to determine which of these patients are unlikely to have an adverse outcome and may be future targets for less resource intensive care. This single center retrospective cohort study included patients presenting to the ED with blunt complicated mTBI between January 2001 and December 2010. Patients with a Glasgow coma score (GCS) of 15, an initial head CT with a traumatic abnormality, and a repeat head CT within 24 h were eligible. We defined the composite adverse outcome as death within two weeks, neurosurgical procedure within two weeks, hospitalization N 48 h, and worsened second head CT. Classification and Regression Tree methodology was used to identify factors associated with adverse outcomes. Of 1011 patients with two head CTs performed in a 24-h period, 240 (24%) had complicated mTBI and GCS 15. Of these, 56 (23%) experienced the composite adverse outcome defined above. Age, headache, and subarachnoid hemorrhage, correctly classified 93% of patients with an adverse outcome. No instance of death or neurosurgical procedure was missed. Our analysis highlighted three factors associated with adverse outcomes in persons who have complicated mTBI but a GCS of 15. Absence of these risk factors suggests low risk of adverse outcomes, and may suggest that a patient is safe for discharge home. Additional research is required before utilizing these findings in clinical practice.
1. Introduction
Background
Traumatic brain injuries (TBIs) may account for upwards of 1.8 million annual emergency department (ED) visits in the United States (US) [1] . In 2010, 0.7% of all ED visits were for TBI [2] . When the neurologic exam is normal and the initial head computed tomography (CT) is negative, it is considered safe to discharge patients home from the ED [3] [4] [5] . However, about six to 9% of patients with a Glasgow Coma Score (GCS) of 15 demonstrate traumatic intracranial hemorrhage on head CT [6] , and are referred to as complicated mTBI [7] . There is great variability in the ED management of patients with GCS 15 complicated mTBI [8] .
In 2002, the European Federation of Neurological Societies recommended that complicated mTBI patients should be routinely admitted to an intensive care unit (ICU) [9] . This practice, as well as the common practice of obtaining a repeat head CT, has been questioned [10] , yet some centers still routinely admit all TBI patients with trauma-related intracranial abnormality to an ICU and obtain routine repeat imaging, regardless of GCS [11] . It is not uncommon for patients to be transferred to hospitals with neurosurgical coverage, further contributing to increased resource utilization. Conversely, about one in ten patients with complicated mTBI are discharged home from the ED [8] . This does not include patients who had ED observational stays, however, as ED observation units are increasing in number, this may be an alternative approach for patients with complicated mTBI [12] . Given the lack of contemporary guidance for the management of patients with complicated mTBI with GCS 15, there is a critical need for research to help inform clinical decision-making.
Importance
Up to 95% of TBI patients with complicated mTBI and GCS who are admitted to the ICU do not require critical care or neurosurgical intervention [13] . We have previously reported that about two-thirds of TBI patients with GCS 14-15 with associated trauma-related intracranial abnormality can be safely discharged from the ED after monitoring for six hours followed by a stable repeat head CT. The 14-day mortality rate among patients with GCS 14 or 15 discharged in this way was b0.5%, and b1% required a neurosurgical procedure [14] . Admitting all patients with complicated mTBI is a potential over-utilization of resources, particularly for those with GCS 15.
Goals of this investigation
It is possible that some patients with a normal neurological exam and GCS 15 can be safely discharged from the ED despite having traumatic intracranial findings on head CT. Identifying such a cohort of patients could reduce resource utilization without incurring harm for this common clinical condition. We sought to identify variables associated with higher risk of adverse short-term outcomes in patients with complicated mTBI with GCS 15. Identifying those factors associated with increased risk could allow patients with the absence of such risks to be safely discharged from the ED.
Methods

Study design
This was a secondary analysis of an existing data set. The data were originally collected as part of a retrospective cohort study describing the practice pattern of repeat head CTs after mild TBI. This study was approved by the local Institutional Review Board.
Study setting and population
Patients who presented to our tertiary academic ED between January 2001 and December 2010 were included. Potential study subjects were identified from the cohort of all adult patients who underwent two head CTs within 24 h with a traumatic intracranial abnormality detected on the first CT. The practice pattern during this time period was that all patients had a scheduled repeat head CT performed if the baseline CT revealed any trauma related abnormality (defined as traumatic subarachnoid hemorrhage, subdural hematoma, epidural hematoma, and intraparenchymal hemorrhage or traumatic contusion), so all patients presenting with complicated mTBI would have been included. Our institutional protocol is that all patients with a traumatic abnormality on initial head CT have a second head CT to determine stability.
Subjects who were on antiplatelet medications or warfarin with international normalized ratio (INR) b 1.4 were included. Subjects were excluded if they were b18 years old, had no documented GCS, GCS b15 based on first GCS upon arrival in the ED, unknown time of injury, had their head CT performed or interpreted at an outside hospital, were pregnant, had penetrating head injury, were intubated prior to ED evaluation, had abnormal ED vital signs (systolic blood pressure b89 mm Hg, respiratory rate N29 breaths per minute, pulse oximetry b 92% on room air) at any point during the ED visit, had concomitant nonminor injuries (injuries for which a patient would require hospitalization) or had an inherited or acquired coagulopathy. Patients with polytrauma were excluded so that we could target a population of patients who may be safe for ED discharge on the basis of their head injury alone. Inherited coagulopathy was defined as hemophilia A or B, von Willebrand disease, Bernard-Soulier syndrome, Wiskott-Aldrich syndrome, or Glanzmann's thrombasthenia. Acquired coagulopathies were defined as liver failure, therapeutic warfarin use (INR ≥1.4), heparin product use, and disseminated intravascular coagulopathy (INR ≥1.4, activated partial thromboplastin time (aPTT) N 39 s, and platelets b50 000/μl).
Study protocol
Chart review methods by which the data were originally obtained have been published previously [14] . Briefly, a single data abstractor reviewed each identified case using explicitly defined inclusion and exclusion criteria. Two reviewers performed a second chart review to ascertain worsening or stability on the repeat head CT. Quality checks were performed on 10% of the chart abstractions. Missing data were minimal and were left missing.
Outcome measures
A composite adverse outcome was defined to capture the cohort of patients who had an adverse clinical outcome, and those for whom ready discharge from the ED may not be clinically feasible. The composite outcome was comprised of death within two weeks, neurosurgical intervention within two weeks (defined as a procedure performed by neurosurgery either at the bedside or in the operating room for head injury, including external ventricular drain (EVD) placement or intracranial pressure (ICP) monitor placement), length of stay N48 h [15] , or worsening trauma related intracranial abnormality on the second head CT. Worsening traumatic abnormality was defined as a second head CT that was described as worsened hemorrhage by the attending neuroradiologist interpretation. Length of stay N48 h was chosen because previous studies have reported that any worsening after 48 h is unlikely due to the primary neurologic cause [16, 17] . Further, the time frame of 48 h is consistent with previously published guidelines [9] and likely captures a group of patients that would not be readily discharged from the ED. The social security death index was searched for patients who neither returned to the ED nor had a documented clinic visit at or beyond 14 days after their injury. This query was performed three years after the last patient was evaluated in the hospital for this retrospective review, leaving ample time for patients to be listed in the index. In all instances when this occurred, a social security number was available in our medical records system for query of the database. We did not attempt to contact patients to ascertain adverse outcomes.
Data analysis
For this analysis, we used Classification and Regression Trees (CART) to identify variables associated with risk of an adverse outcome. CART methodology is advantageous as it is able to accommodate nonlinear relationships, unexpected interactions, and missing values [18] . To maximize model sensitivity for adverse outcomes, missing an adverse outcome was set to have a cost four times greater than missing a favorable outcome. The minimum number of cases for a parent node in the CART was set to ten, and the minimum number of cases for a child node was set to five. Splitting used the Gini criteria, with minimum improvement set to 0.0001. The tree was not pruned. The model has not yet been validated and external validation is planned.
Based on prior research, biological plausibility (i.e., contribution of blood thinning medications to worsening hemorrhage, age) [19] [20] [21] , and clinical observation (i.e., TBI symptoms), the following variables were determined a priori as candidate variables for consideration: age [22] ; use of any home medications that affect blood clotting; nausea or vomiting at any point during ED visit; headache of any severity documented by the provider; seizure; focal neurologic deficit; traumatic abnormality on head CT [15] defined as: subarachnoid hemorrhage, subdural hemorrhage, epidural hematoma, cerebral contusion or intraparenchymal hematoma, or any combination thereof. These variables, listed in Table 1 , represent the universe of variables CART was given. Using CART, optimal cut-points for continuous variables are identified; for age, the cut points were suggested by the model and were rounded to the nearest 5 year interval for simplicity. Age was forced into first position to aid in potential clinical utility and ease of use of the model, as age is quite often readily available to the clinician. The variables associated with a favorable outcome and model performance were unchanged when age was not forced into the first position. All analyses were conducted using SPSS 23 (IBM Corporation, Armonk, NY) and R (3.1.1) base package and package epiR [23, 24] . The data and code for this model are available from the authors.
Results
Of 1011 patients screened for inclusion in the original analysis, 323 had a GCS of 14 or 15, all of whom were included in the original paper [14] . This analysis reported here only included patients with a GCS of 15. Of the 323 in the prior study, 19 had incomplete records available at the time of second chart review. There were 240 patients with a complicated mTBI and a GCS of 15 included for the CART analysis (Fig. 1 ). This available sample and proportion of outcomes exceed the generally accepted minimum sample size for conducting CART analysis [18] . Mean age of included patients was 42 (SD 19) years. Of these, 143 (60%) were Caucasian, and 174 (73%) were male. Complete demographic characteristics and injury characteristics are presented in Table 1 .
Fifty six patients (23%) experienced the composite adverse outcome. Worsening head CT comprised 55% of all adverse outcomes. Table 1 and Fig. 1 show the rates of the individual components of the composite outcome.
The final model is shown in Fig. 2 . The sensitivity of finding a patient who may have an adverse outcome 93% (95% CI 83% -98%); and the negative predictive value, or the proportion of patients who would have been discharged after application of the model and did not have an actual adverse outcome, was 91% (95% CI 89%-97%) ( Table 2) .
Complete test characteristics are presented in Table 3 . There were eight terminal nodes: one lower risk node (b10%) and seven higher risk nodes (≥ 10%). Of the 44 out of 240 patients (18%) classified as lower risk, there were 0/44 (0%, 95% CI 0%-6%) with death or neurosurgical intervention. Of the four out of 44 (9%, 95% CI 3%-23%) with an adverse outcome, all of these had a worsening head CT only. The three variables that led to the lower risk node included age b65, no subarachnoid hemorrhage, and no headache. The two patients who died were in node 5 or node 6. One died of unrelated urosepsis while the other died after sustaining a second fall and subsequent large intraparenchymal hemorrhage two days after the initial TBI. The one patient with neurosurgical intervention underwent placement of a lumbar drain for cerebrospinal fluid (CSF) diversion secondary to a CSF leak due to a basilar skull fracture and was in node 13.
Discussion
In this exploratory analysis to identify variables associated with adverse outcomes in complicated mild TBI patients with GCS 15, we found that patients under 65 years of age with no subarachnoid hemorrhage and no headache had a low risk of adverse outcome (Table 4) . Risk factors for an adverse outcome have been reported and include advanced age (N 70), coagulopathy, and GCS ≤8 [25] [26] [27] [28] . To our knowledge, this is the first study to identify factors that, if absent, could identify a specific subset of patients with complicated mTBI who are GCS 15, and are at low risk of adverse outcomes. If these findings are confirmed, these patients may be considered for discharge from the ED after an initial head CT, brief period of observation, and possibly no repeat imaging. Overall, it is possible that 18% of patients with complicated mild TBI could be safely discharged from the ED. This would result in approximately 16,000 fewer CTs and hospital admissions every year in the US alone [6] .
The European Federation of Neurological Societies (EFNS) recommended in 2002 that all patients with trauma related intracranial abnormalities, even those with GCS 15 and a normal neurologic exam, be admitted to the hospital [9] . The American College of Emergency Physicians (ACEP) TBI policy statement was silent on this matter [29] , and there are no guidelines from the Brain Trauma Foundation on this topic. A multicenter study of 888 patients recently found that 95% of complicated mild TBI patients with GCS 15 admitted to the ICU never require critical care intervention [13] . This study described admission practices of this patient population, and although the majority of patients were admitted to an ICU (63%), the study did not determine which patients could be safely discharged from the ED. Similarly, observational studies suggest that an adverse outcome in this patient population is rare in general, even when routine CT imaging demonstrates injury progression [25] [26] [27] [28] . Our findings are consistent with these prior reports as the lower risk node patients (44 of 240 total patients) had only worsened head CT findings as an adverse outcome.
The one patient with neurosurgical intervention underwent placement of a lumbar drain for cerebrospinal fluid (CSF) diversion secondary to a CSF leak due to a basilar skull fracture and was in node 13. We did not collect the exact date of the surgical procedure, so it is possible that this could have been placed between the two head CTs. Although beyond the scope of this paper, the lack of medical or surgical interventions after the baseline CT calls into question the routine use of a second CT within 24 h at our institution, at least for this particular group of patients.
Altogether, 55% of the patients with adverse outcomes in our study had a worsened repeat head CT only, without any other aspect of the composite outcome. Our composite outcome was designed to have a high sensitivity to identify any patient who may worsen. Our rationale for including worsened CT findings was that we would capture any patient with the potential to worsen as it would be less likely for a patient to worsen clinically without having a radiographic change. Our most common head CT finding was traumatic subarachnoid hemorrhage, and many patients had multiple traumatic findings on head CT. 
N -number of patients. GCS -Glasgow Coma Scale. SD -standard deviation. CT -computed tomography. SAH -subarachnoid hemorrhage.
Furthermore, there is evidence to suggest that patients with complicated mild TBI who have isolated traumatic subarachnoid hemorrhage may not require as high an intensity of observation, such as the ICU setting, when compared to other traumatic head injuries [30] . Our data contradict this slightly, in that we found that patients with isolated traumatic subarachnoid hemorrhage were about equally likely to have a favorable or non-favorable outcome (Table 1) . Given previous reports of low mortality and neurosurgical intervention event rates in similar cohorts of TBI patients [31] , a composite outcome is necessary. Our composite outcome allowed us to investigate clinically meaningful adverse outcomes that would preclude ready discharge from the ED. We found that age ≥65 years, subarachnoid hemorrhage, and presence of a headache were predictors for adverse outcome. Although no study has previously used our composite outcome as an endpoint, other series have attempted to predict which complicated mTBI patients may worsen. Schuster et al. used multivariable logistic regression in a cohort of 255 patients with TBI and found that elevated PT, age N70 years, and antiplatelet medication were risk factors for the need for craniotomy after repeat head CT [25] . This cohort differed from ours in that patients of all GCS were included, however, the majority of patients were mild TBI, with GCS of 13-15. Age was also a risk factor for the need for neurosurgical intervention in a series of 692 patients with GCS of 13-15, in addition to multiple traumatic lesions on initial head CT, and interval b 90 min from injury to head CT [26] . Lastly a prospective series of 161 patients with complicated mTBI did not demonstrate the need for neurosurgical intervention based on repeat head CT findings without a change in the neurological exam [27] . Patients who have a GCS of 13-14 may be considered neurologically impaired, thus precluding their ready discharge from the ED. Thus, inclusion of these patients in these prior reports limits their utility for identifying patients with complicated mTBI that may be discharged from the ED.
Limitations
Limitations of our study include its exploratory nature and its retrospective design at a single center. We were unable to assess functional outcome or cognitive ability after mTBI. It is possible that patients who worsened but received care at other centers were missed. As our center is the only tertiary referral center for neurotrauma in the area, it is unlikely that a neurosurgical procedure would have been missed. A worsened head CT or admission N48 h would not have been missed based on our inclusion criteria. The study was not designed to determine the balance or harm of repeat imaging. Only patients getting repeat imaging were included, reflecting the local practice of repeat head CT in patients with complicated mTBI during the study period. Another limitation is that chart review was mostly performed by a single chart abstractor and abstractors were not blinded to the study hypothesis. However, dual abstraction was performed in a guided random sample of 50 charts during the initial abstraction period and during the second abstraction 10% of charts were selected for quality checks. No discrepancies were detected.
The initial head CT was obtained at the discretion of the ordering provider, and it is possible that patients in whom a head CT was never obtained may have been missed. We note that the outcome "admission N48 h" does not connote the harder endpoints of neurosurgical procedure or death. However, within the context of identifying patients who may be discharged from the ED, hospital admission for two days is a reasonable surrogate for patients that have either social, cognitive or other issues that the ED may not be able to readily resolve and discharge the patient. Further, the time frame of 48 h is consistent with previously published guidelines [9] . We do not know if any of the patients discharged before 48 h were sent to rehabilitation, skilled nursing facility, or an acute care facility rather than home. Although our study is of reasonable size, the available sample for certain subject characteristics or outcomes was small. For example, there was only one patient with a focal neurologic deficit, so it is difficult to estimate how the model may differ in a larger cohort of patients. While our model had a sensitivity of 93%, specificity was just 22% and the AUC was 0.57 (Table 3) . The low specificity reflects our decision to weight the cost of missing an adverse outcome as being four times higher than the cost of missing a favorable outcome. Testing our findings in an independent cohort would facilitate translation into clinical care.
It is likely that some patients in our cohort with headache and nausea were treated for their symptoms. We did not record pain medication or antiemetics that were given to patients while they were in the ED. It is possible that treatment of these symptoms may have resulted in some Table 3 Components of the composite outcome (n = 56). persons not having these documented in their chart, but this is unlikely as we evaluated for any headache or nausea that were present at any point in the ED stay. It is possible that response to treatment of these symptoms may have been informative, but this was not recorded. Another limitation of this study is that we had a small sample size and a low rate of adverse outcomes. Given the 95% confidence intervals, the death or neurosurgical intervention rate in patients with favorable characteristics may be as high as 6%. Validation studies in larger cohorts would increase confidence in our findings.
Lastly, nine patients in our cohort had epidural hemorrhage (EDH), a clinical scenario whereby a hemorrhage progression may be life-threatening. Three of these patients had hemorrhage progression seen on head CT, but none of these patients required neurosurgical intervention or died. Given the potential threat to life EDH may represent, careful consideration will need to be given before recommending discharge in such patients.
Conclusions
This exploratory analysis indicates that complicated mTBI patients who have a GCS of 15 are at low risk of adverse outcome requiring hospitalization provided they are under 65 years old, do not have subarachnoid hemorrhage, and do not report headache. Given the extensive resources currently used to monitor these patients, our findings suggest that there is an opportunity to refine the approach to managing lower risk patients. Testing the prognostic value of these variables in an independent cohort of TBI patients is needed to fully benefit from this opportunity.
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